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1. INTRODUCTION
1.1. The Aim of the Research
1.1.1. The time-of-flight technique
The study of the neutrons emitted from
nuclear reactions may "be carried out hy a time-of-
flight technique. The determination of a particle
energy by this method requires the determination
of a zero time related to the time at which the
particle begins on its flight path. Time interval
is measured between the zero time and the instant
when the particle reaches a detector, located at a
known distance from the point where the reaction is
taking place. This time interval is related to
the particle energy. The time taken for a 1 Mev
neutron to travel a distance of 1 meter is about
70 nsec., which is typical of the time intervals
measured in fast neutron time-of-flight spectra.
Time intervals are measured by means of a time-to-
amplitude converter, which provides voltage pulses
whose amplitudes are proportional to the corres¬
ponding time intervals. The resolving time of
the entire system determines the neutron energy
resolution obtainable with a flight path of
given length. To obtain adequate separation
of the neutron groups in typical fast neutron
time-of-flight spectra requires a resolving
-2-
time of the order of a few nsec or less.
1.1.2. A d.c. "beam system
A nuclear reaction is characterized "by an
associated Y-ray or a nuclear recoil, or both.
When a target is bombarded by a beam from an
electrostatic or cascade accelerator, the associat¬
ed Y-ray or nuclear recoil,., could be used to
define the zero time for neutron time-of-flight
experiments. In this case the zero time is pro¬
duced by a scintillator attached to a photo-
multiplier, mounted a short distance from the
target. The output pulses from this photomultiplier,
after proper amplification and shaping, are fed
into the time-to-amplitude converter. Neutrons
are detected by a neutron scintillator and a fast
photomultiplier. The resulting pulses are fed,
after amplification and shaping, into the second
input of the time-to-amplitude converter.
To obtain a zero time pulse from a recoiling
nucleus,requires that it penetrates part of the
target to reach the detector. Because of the very
low penetrating power of low energy recoiling
nuclei,this method is seldom used and will not be
considered further.
In the case where the Y-ray is employed to
produce the zero time pulse; only prompt Y-rays are
-3-
of use. In some nuclei the finite life time of
the excited states will result in an uncertainty
in the zero time, for example, the first excited
state of B"*"0 has a life time of the order of 1
nsec.
When an accelerated d.c. "beam bombards a
target, the pulses in the zero timing channel are
random, resulting from the prompt Y-rays, and a
certain amount of Y-ray background. Thus in
addition to the real ones, many of the time-to-
amplitude converter output pulses, will be due to
random coincidences between background or prompt
Y-rays, and neutrons. A second source of a back¬
ground in the spectrum, is due to the sensitivity
of the neutron detector to Y-radiation. Some
types of fast neutron detectois, for example a
liquid scintillation counter, produce pulses whose
shape depends upon whether a neutron or r-ray was
detected, A special type of discriminator, called
a pulse shape discr-iminator, can be used to
eliminate any Y-ray or other noise pulses from the
neutron channel. Most of the Y-ray detectors and
photomultipliers used for the zero timing channel
have output pulses with rise-time between 5 to 10
nsec. This will limit the resolving time of the
entire system, unless a complicated electronic
design is employed, (For more details see
Chapter 5).
-u-
1.1*3. A pulsed "beam system
A more recent development, which overcomes
many of the difficulties of the d.c. system,
utilizes pulses of beam produced by the accelera¬
tor. Zero timing pulses are produced by a purely
electronic system, which detects the arrival of
pulses of beam at the target. The zero timing
channel in this case consists of standard pulses
with a constant repetition rate depending only on
the nature of the beam. Thus the random back¬
ground in the time-of-flight spectrum is reduced
to a minimum and the peak current in the pulse
could be increased to its maximum value, so reduc¬
ing the time of experiment by a large factor as
compared with the d.c. beam method. The neutron
counting channel is identical in both cases. A
Y-ray pulse shape discriminator could be added
although it does not play such an important role
as in the first method. The spectrum obtained by
the d.c. beam method, when utilizing y-rays to
produce zero timing pulses, does not include the
neutron group corresponding to the formation of the
product nucleus in the ground state, as there 4re
no associated y-rays in this case. Assuming the
resolving time of the electronic system to be
short enough, the resolving time in a spectrum,
obtained with a pulsed beam, depends in most cases
-5-
entirely on the duration of the "bursts.
It seems to be that the only advantage of
the d.c. system is that, by selecting n-r coincid¬
ences with only one known energy of Y-ray, it is
possible to obtain any required section of the
neutron time-of-flight spectrum, by choosing the
appropriate Y-ray energy. Furthermore;, selecting
only one range of the neutron energy will allow
the investigation of the associated Y-rays.
The aim of the research is to modify the
1.2 Mev. Philips High Voltage Generator, so as to
produce either the usual d.c. beam, or a pulsed
beam, with a pulse-duration in the region of nano¬
seconds, in order to make possible neutron time-of-
flight experiments.
1.2. General Review
1.2.1. Means of production of bursts
There are two means of producing bursts of
ions from an electrostatic or cascade generator,
in the nsec region. These are I (a) beam chopping,
(b) bunching. The first method is most commonly
employed. The chopping of a beam can be achieved
by passing it between a pair of deflector plates,
fed with a variable voltage, and so sweeping the
beam across an aperture located at a certain
distance from the deflector plates. To obtain
-6-
bursts with a duration of the order of a few nsec.,
the length of the deflector plates should be of
the order of a few cm., when the deflected beam
energy is a few keV, and ten times longer when the
beam energy is of the order of a few Mev (for
details see Chapter 3)*
Bunching consists of the changing, in a time
correlated fashion, of the energy or momentum of
bursts of ions, in such a manner that the trailing
ions of a burst will overtake the leading ions at a
specific distance or time. This could be done by
(a) increasing the energy of the trailing ions so
that after a prescribed time, they will catch up
with the leading ionsj or (b) causing the leading
ions to travel a longer path so that they will
meet the trailing ions at a certain point. Method
(a) is the common klystron bunching used with
electronsMethod (b) has been proposed by
Mobley^^ and is the more commonly used with
protons or deuterons. The Klystron principle
utilizes the idea of passing ions through a gap,
with a variable potential across it, in such a way
that the first ions to arrive at the gapr will
gain less energy compared with the later ones.
Calculations show that this system,applied to a
1 Mev proton beam.,would require a drift distance^^
of the order of 8 meters. Therefore this is not
-7-
practicable for most electrostatic or cascade
generators. Motley has suggested a hunching
magnet with a magnetic field distribution such
that, if the beam is swept across one of the pole
faces, the leading ions will arrive at a certain
point, at the same time as the trailing ones.
Details of this system are given in Chapter 8. It
is shown that the magnet radius should be of the
order of 30 cm. for 1 Mev ions.
As clearly defined pulses could not be obtain¬
ed by the bunching system alone it is usually used
only as a second stage to reduce the time of
bursts obtained by chopping.
1.2.2. Post acceleration and terminal pulsing
The pulsing of a d.c. beam,could be either a
post-acceleration pulsingw/, or a terminal pulsing.
In the post-acceleration pulsing method the beam
is pulsed between the accelerator and target, there
being no need to change the accelerator itself.
The advantages of this system are its simplicity,
and the possibility of getting shorter pulses,for
reasons which will be discussed later. The disad¬
vantage is that only a small fraction of the total
current is used, while the remainder produces an
undesirable background. This creates a difficult
shielding problem, between the pulsing section and
-8-
the target. The target must be moved a consider¬
able distance, of the order of 1+ metersfrom
its original position, so that the deflecting
system, the shielding and an extra focussing lens
can be accommodated. In the case of a cascade
generator such as ours, the beam will have a very
large diameter when it reaches the target unless a
strong focussing lens is inserted between the
pulsing system and the target.
In terminal pulsing, bursts of ions are pro¬
duced after the ion source and before the main
acceleration electrodes. In this case space
limitation within the terminal has to be taken into
consideration. In our particular case, the high
voltage terminal is so close to the ceiling that
any enlargement of the terminal might well cause
sparking between the terminal and the ceiling, at
the higher voltages. Another problem lies in the
difficulty of providing extra electrical power for
the pulsing equipment within the terminal. Another
point which must be considered is that bursts
obtained by terminal pulsing are slightly longer
than those obtained by a post-acceleration system,
because of the energy spread of the ions as a
result of the pulsing. On the other hand, terminal
pulsing eliminates most of the y-ray and neutron
background, which is due mainly to the beam hitting
-9-
metallic surfaces around the target. Because of
the low mean a.c. current through the accelerator
itself, it is possible to increase the current
during bursts without having excessive X-ray and
electrons loading on the machine.
To avoid many of the disadvantages of these
two systems, when a very large peak current with a
very short burst duration is required, a system
which employs terminal pulsing with bunching after
(9,10)
acceleration, by a bunching magnet, was developed.
Bursts with a duration of less than one nanosecond
and a peak current of a few milliampereswere obtain¬
ed. This system is far more expensive and com¬
plicated than the others, but terminal pulsing
only, which has great advantages over post-
acceleration pulsing, could be built as a first
stage, so that a bunching magnet could be designed
and used if necessary at a later time.
*
In viev/ of these considerations it was decided
to build the terminal pulsing system, and to add a
bunching magnet later on if desired.
—10—
2. DESCRIPTION OF THE PHILIPS 1.2 Mev CASCADE
GENERATOR
The accelerator consists of two sections, the
high voltage generator and the acceleration column.
The generator is a six stage multiplier,
operating on the voltage-doubler principle. A
motor generator with a regulated output voltage of
0 to 250 volts 200 Hz, feeds a 120 kvolt high
tension transformer. The mercury rectifiers of
the multiplier are fed "by this transformer. The
high voltage is adjusted between 250 and 1200
kvolt, by adjusting the motor generator output
voltage. The condensers of the voltage multiplier
have capacities r- of 0.018 pF. To limit
charging currents, each of the mercury rectifiers
has a series wire wound resistor of approximately
50,000 ohms. The heating of the rectifiers'
cathodes is accomplished by current from a 0.5
MHz oscillator. A 200 megohm carbon film re¬
sistance, cooled by circulating oil, is connected
between the high voltage terminal and ground. The
current through this resistor is the measure of
the high voltage.
The acceleration tube is built of six ceramic
insulators whose ends are ground flat so that they
fit to round steel plates, which hold fjve
acceleration electrodes. Gaskets, between the
ground surfaces of the ceramics and the steel
11-
plates, keep the joints vacuum tight. The
acceleration electrodes are connected to the
different stages of the voltage multiplier. The
acceleration column is evacuated hy a combination
of rotary and oil diffusion pumps, to a pressure
—5
of less than 10 ^ mm. The top section of the
acceleration column is shown in Pig. 1. This
consists of the top ceramic in^lator, an ion
souree supplying ions to the acceleration column,
a focussing lens, for focussing of the ion "beam,
and the first acceleration electrode. The ion
source consists of a radio frequency gas discharge,
from which an ion current of up to 500 jjA can "be
extracted through a canal in an aluminium elec¬
trode. A.K. Ganguly and H. Bakhru have described
(11}
in detailx ' this type of ion source, and dis¬
cussed ways of obtaining maximum current. Current
extracted from an ion source depends on various
parameters, including!
(1) the extraction probe voltage,
(2) the plasma density, which in turn depends on
(a) the r.f. power,
(b) the gas pressure,
(c) the magnetic field, and
(3) the canal geometry.
The extraction current increases as the
probe voltage is increased and reaches some
saturation value which depends on the r.f.
o©iliator power. The maximum current is also a
function of the gas pressure. It increases with
Fig.IfTOPSECTIONA CELERATIONCOLUMN J
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gas pressure, passes through a maximum and then
falls. Thus for each oscillator power there is
an optimum pressure at which the current is a
maximum. There is an optimum axial magnetic field
for which the extracted current will reach its
maximum value. This is mainly dependent on the
probe voltage. The current is also dependent on
the canal geometry. Its value increases as the
square of the canal diameter (d), and is inversely
proportional to the square value of the canal's
length (£)•
The extraction current I, before reaching
saturation, is
I -C U3/2(§)2 (1)
where u is the probe voltage.
The maximum canal diameter is limited by the
maximum pressure allowed around the terminal
d3
electrodes (conductance varies as ^ /£), and
therefore by the pumping speed of the diffusion
pump, connected to the system. Too large a pres¬
sure will cause scattering and neutralization of
the ion beam, which will be particularly noticeable
when trying to obtain large currents. In some
cases an extra diffusion pump has been connected
just below the aluminium canal to reduce the
effect of gas flow through the canal. In our case
there is no extra pump- for this purpose, and the
canal diameter is limited to about 1.2 mm. Con¬
trol of the ion current from the source is obtain¬
ed by varying the extraction potential U, its
maximum value being given by the insulating pro¬
perties of the ion source envelope. In the case
of the ion source fitted to the cascade generator,
this voltage is adjustable between 0 and 5 kvolt.
The higher the power supplied by the exciting
oscillator, the higher the current available from
the ion source. In our case the r.f. oscillator is
a conventional kG MHz oscillator with an output
power of about 100 watts. The tank coil consists
of 6 turns of copper tube, surrounding the glass
envelope of the ion source. Two permanent magnets
one on each side of the ion source envelope, just
above the level of the canal, provide a predominan
ly axial focussing magnetic field, which increases
the extracted ion current.
The ions, after extraction through the canal,
are first focussed by an electrostatic lens and
then accelerated. The focussing electrode (Fig. 1)
is a steel cylinder, 5 cm. diameter and 20 cm. long,
supplied with an adjustable negative voltage of
between 0 and 50 kvolt. The lower edge of the
same cylinder is used for focussing the beam of
the whole generator. Fig. 2 is a block diagram of
-13a-
BLOCK DIAGRAM OF THE TERMINAL
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the equipment in the high voltage terminal. The
power for the electronic equipment at the high
voltage terminal is supplied by a 50 Hz, 220V, 2KW
generator. The generator is driven, by means of an
isolating belt, by a motor located at the bottom
of the acceleration column.
The ion beam is accelerated by the voltage
supplied to five cylinders of the same diameter.
The first one is about 80 cm. long, while the
other four are each about 55 cm. long. The gap
between adjacent electrodes is about 5 cm. Suc¬
cessive accelerating electrodes are connected to
successive stages of the cascade generator, so
that the potential difference across each gap be¬
tween neighbouring electrodes is the same. Pig. 3
shows the change of the ion energy E, as the beam
approaches the target. The main focussing of the
beam is done between the focussing and the first
acceleration electrodes, where the ion energy is
relatively low. It can be shown that a second
focussing occurs in the gap between the first and
second acceleration electrode. The other accelera¬
tion electrodes do not have much focussing effect,
but they keep the beam in shape until it reaches
the target. The main reason for having a number of
electrodes is to eliminate discharges on the

















field across the column.
The focussing properties of the entire
system are discussed in more detail in the next
chapter.
The current delivered to the target is about
500 |iA in a region of about 10 millimeters dia¬
meter. The target is about b meters from the
canal.
-16.
3. THE EXPERIMENTAL PULSED SYSTEM
3.1. General
As mentioned in the introduction, it is
desirable not to extend the physical dimensions
of the top of the accelerating column and there¬
fore a new and shorter focussing system had to he
designed. The first larger acceleration electrode
was changed to a shorter one, identical to the
others. A new lens was designed so as to focus the
beam from the canal to an image point in the region
of the pulse section, (Pig. U). A second focus¬
sing between the pulse section and the near first
acceleration electrode would achieve a sharp beam
image on the target. The shortening of the first
electrode and the use of a new focussing lens
extends the available space within the existing
acceleration column.
Since experiments required the accelerator,
it was necessary to try an experimental system
first, consisting of an ion source and pulse system.
Pig. 5 is a photograph of the final experimental
system. It was huilt inside a ceramic cylinder
.
maintained at high vacuum by rotary and diffusion
pumps. The pumps and a target were connected to
the bottom flange (Pig. 6), while the ion source
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Fij. 4 ARRANGMENT OF THE NEW TERMINAL
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r
PIG* 5. The Experimental a.vstem
FIQ. 6 Arrangement of Target and Pump In The Experimental
System.
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3*2. The Ion Souroe section
For reasons which will he explained later
the ion source assembly has to he electrically
isolated from the other sections# This was done
hy putting the ion source on a flange isolated hy
a glass cylinder (Fig# 5 and Fig# 7)* An isolated
oscillator, of the same type as that in the main
set, v/as used and with a 5 kV prohe power supply.
Fig# 7 shows the block diagram of the ion source
system. The isolation is effected hy a 111
1 kwatt, 30 kV, isolation transformer, specially
designed hy Ferranti. The gas supply is isolated
hy connecting a glass tube, about 15 cm. long,
between it and the ion source (Fig# 7)» This ion
source should have a performance identical to that
of the ion source operating in conjunction with
the main set.
3.3* The focussing system
In order to get a well focussed beam on the
target of the main accelerator, the ions entering
the first acceleration electrodes should have a
pre-acceleration energy with a minimum spread.
The optimum pre-acceleration energy is about 15 keV,
depending on the accelerator voltage. The energy
of the ions when extracted through the aluminium

















a small spread* In a pulsed machine where maximum
currents are usually required, this voltage is
about 2+ kV. To reach the desired pre-acceleration
energy the first section of the focussing lens is
designed to act as a pre-acceleration electrode.
used,
An Einzel type lens is/composed of three sections
(Pig. 8). These are stainless steel cylinders
with the same internal diameter of 35 ram.
first cylinder is 10 cm. long with an aperture of
6 mm. diameter at the top. The second is 2.5 cm.
long fixed 1+ mm. "below the top cylinder. The
third is 8 cm. long fixed k mm. below. -e
Stainless steel flanges are welded to each of the
(">• '£>•
cylinders/ Pour quartz rods, joined by Araldite,
separate the three sections, keeping them in good
alignment even with changes in temperature. The
top and bottom sections have the same potential
(zero potential) and the centre section has a
potential about equal to the pre-acceleration
potential. As the top section of the Einzel lens
is at a zero potential the ion source is held at a
potential of up to + 20 kV. This requires that
the ion source assembly be insulated from the rest
of the system. Ions extracted by the canal are
accelerated to a higher energy, by the aperture of
the Einzel lens which is 10 mm. below the canal.













so that the ions will have the pre-acceleration
energy "before reaching the lower edge of the
electrode and they will form a parallel axial "beam.
There are two focussing fields in this lens, one
"between the two centre sections and the other "be¬
tween the centre and "bottom sections. The first
is decelerating and the second accelerating field.
Thus ions leaving che focussing Einzel lens will
still have the same pre-acceleration energy.
The focussing is calculated "by means of
Maxwell's equation
div E a £
e
where E * electrostatic field
■
cP — charge density
e = dielectric constant
in cylindrical coordinates this equation will be
of the form!
£ s|(rEr) + i HP + §§& = | (3)
In an electrostatic field
- - B
r ~ T3r
F - - i B (h)
E.
au
z * - Sz
The equation of motion in an electrostatic
field is given by
^(mv) « eE (5)
where m = mass of particles
v ~ velocity of particles.
-20-
In cylindrical coordinates
^(mr) - rare2 « eEr
|^(mr2©) = eE^ (6)
d
^r(mz) = eEz
The potential distribution along the z axis
is represented by
U(r = 0) = uc(z) (7)
It is assumed that this potential is referred to
zero at a point where the particle energy is zero,
so that U is a measure of particle energy.
To satisfy Laplace's equation we can write
TT — TT •» d 4. y ^ pQ (c >
0 ♦ si 3T—• (8)
For most lens systems it is necessary to
retain only the first two terms, so we shall use
dU
E SS — ""B""
z 2® (9)
v, d
„ _ r o
Er = ^ —W"dz
The radial equation of motion (mr = eEr) will
have the form
mz to + mka. af| . eEr (10)dz9,
dU
. p
But mz = eEz = -e and mz = 2eV
so that
Ur»+ + 2£E = 0 (11)
This equation is known as the "ray equation".
In the case of focussing "between the ends of
two coaxial cylinders (Fig. 9) it can be shown^2^
that there is very little difference between the
focussing effect of an accelerating field and
that of the decelerating one. Results obtained
by means of the above equation are given in Fig.
fl2}
10x '• These do not take into consideration the
space charge, existing when focussing a higher
intensity beam, causing abberation. In addition
the diameter of the beam is assumed to be a small
fraction of the cylinder diameter.
The Einzel lens is a symmetrical lens and the
potential is the same on the two sides of the
system. The form of the field in the Einzel lens
is shown in Fig. 11. This ltina will always be
converging 110 matter whether the central electrode
is positive or negative with reference to the other
two.
The field in the centre can be evaluated from
(l"? }
a particular solution of Laplace's equation^ J'
2%
Vzr * J + ir sin a) (12).
o
The limiting equipotentials which cross at the
centre of the lens make an angle of 5U° with
the axis. This angle is independent of the shape













lens "because it has the same shape of field as an
isolated aperture when the gradient is of opposite
sign on the two sides#
Prom equation (11) we get
- V" r/h = V'r'/2 + Vr" = V ^(r* |A/) (13)
Integration gives
r■R; ■ -ijff - H
Having a particle enter the system parallel to
the z axis at z = a, we get
(if) a = r,adr ^ " r* = 0 (15)
Hence
r
z = / fraz (16>
This last equation could only "be solved by
successive approximation.
If r* - r • + r-,1 + r0* + •••••
where r' = vl = 0 and r^ = r,o a os
then
z r^V"
ri* = - -i, / dz
1 "r O
fv Ja fir
4-/4- dz (17)bfv_J rv
z z
r
!f4= rxJ i/u j FtTand r^ = "* —j~ / | 77=- dz dz (18)
-OO








v" / 1 f V"
16K J Vv / l^u J /v dz dz dz
CO "k -«»
] (20)
r*^ is the total deviation of the "beam pro¬
duced by the lens and V, is the potential of the
(13 )
image space. It could he shownv ' that




A f V" dz 1_ 1 /_£ az az
(v* £ l/v \6 )^{V J ) fv
'pkh/thJjfh'""
" (?0 —' 00>
— Q^7 "* PO *"00
(21)
Once the axial distribution of potential and
its derivatives have been found, a numerical
evaluation of the expression may be made,
Johannson and Seherzer^"^ plotted focal length (f)
(U2 - Ui)
against the ratio —— (pig# 12). These
results are true as long as the length of the
second section is shorter than twice the diameter
of the cylinder. A big advantage of this lens is
that when the potential of the middle section Ug
Is of about the same value as the energy of the
[-particle at the source, the focal length will be
-2U--
very stable and not dependent on fluctuation in
the ion source energy.
It is assumed that the energy E^, of ions
inside the first and third cylinder, is equal to
| E1 = "a + up <22>
where Ua = preacceleration voltage,
U ss probe voltage.
Jr
Entering the second cylinder, the ionswill
lose some energy, reaching the energy E^. To
obtain minimum burst duration,the image should
fall in the region of the pulsing system which is
about 1|.0 cm. from the aluminium canal. Prom Pig.
Ef - Ei
12 it can be seen that u, 1 ■ 1 should have the
i
value of 0.8.
Assuming a probe voltage of 5 kV and a pre¬
acceleration voltage of 13 kV, Ei is 18 kV, thus
E.^ ^ 10 kV. As all potentials are referred to the
first cylinder (zero potential), the focussing
voltage should be about 8 kV. To obtain the
correct potentials, an auxiliary power supply of
0 to-5kV > connected in series with the pre¬
acceleration power supply, is connected to the
centre cylinder.
The beam diameter was measured with different
pre-acceleration voltages, and was found to be less







diameter was measured by examining/discoloured area
produced performed by the beam, on a steel target. There
was no large abberation of focussing due to space
charge, even with the maximum current available
from the experimental system, a few hundred micro¬
amperes. A photograph of the Einzel lens is shown
in Pig. 13.
3.U. The Pulsed Section
The principle of pulsing is based on chopping sweeping
the ion beam, by a set of deflector plates, across
an aperture. The beam is swept by the deflector
plates, which are fed by a variable voltage and
passes through the aperture. The sweeping voltage
can be of two different forms,
a. Impulse sweeping,
b. Differential impulse sweeping.
In the first form, the d.c. steady beam is
deflected from the axis, by a voltage pulse, caus¬
ing it to pass through an aperture. In the case of
no sweeping impulses no beam will pass through the
aperture. Thus when a d.c. beam is required, a
constant d.c. bias is needed on the deflector
plates. The duration of the bursts is determined
by the width of the sweeping pulse which should
have a stable amplitude. A short duration voltage
-25a-
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pulse with a stable high voltage amplitude is
therefore required. These pulses are very diffi¬
cult to produce and therefore the system is not
practicable.
The second form consists of an alternating
voltage feeding the deflector plates causing the
beam to move from one side of the deflector plates
to the other. If the period of the sweeping
voltage is long compared with the time required
for the beam particle to pass through the plates,
only these particles which enter the deflector
plates around the zero potential, will pass through
the aperture. The last assumption requires an
aperture coaxial with the deflector plates. The
best sweeping voltage will be a saw-tooth
generator. H'owever, a sinewave voltage will give
similar results if the amplitude is large enough.
Thus the differential impulse sweeping voltage is
usually a sinusoidal r,f. voltage with a frequency
depending on the required repetition rate of the
bursts of ions.
Pig. lb shows schematically the two deflector
plates and the aperture. For simplicity the space
charge and fringing field effects are neglected.
If the beam enters the plates with velocity














4 yscreen = KU1 + 2t2)( ( 23)




E = i?ni o
o
e = charge of ions
V = Peak voltage supplied to
deflector plates.
It follows that,
At = !<•(E<VtoeV ) ^yscreen - (2U)
W.S
taking A yscreen as the aperture diameter, 4tQ
is the burst duration. w.s. is the writing speed
given by
w.s. = coe V 4,^ +2^2)/UEd (25)
This last result does not take into considera¬
tion the finite physical dimensions of the beam.
(U)
It can be shownx ' that in the case of a beam
having a diameter d^ the burst duration will be
it, . ME%eV0) A£icreenljL (26)° °
«1(i1+2«2)
Because of the finite dimension of the beam
entering the deflection system, some energy spread
is introduced during the deflection process^ •
If the aperture is at a large distance from the
deflector plates, the axial beam passing through
-28-
will enter and leave the deflector plates at
approximately -2^^ and + z respectively,
with relation to the r.f. field. Looking at Fig.
15> an energy difference is observed between the
beam rays 1, 2 and 1, 3
A E = CT feV ( 27)
d
This energy spread will cause a spread in the
time taken by the ions to travel from the deflector
plates to the aperture, and so defines a time
limit to the possible burst duration. After pass¬
ing through the aperture the ions enter the
acceleration electrodes,and after a time T, of
about 1 microsecond, reach the target. Assuming
an energy spread within the ion burst, the
corresponding time spread at the target will be
At = |T"^ (28)
where E is the total accelerating voltage express¬
ed in energy units. Because of this time spread,
pulses produced by a pre-acceleration system are
longer than those produced by post-acceleration
pulsing. This effect is more noticeable when
pulsing a low voltage accelerator such as ours.
When deuterons are accelerated to an energy of
about 500 keV, the time T, required for the ions
to reach the target (which is about U meters from
Fi$.15.ENERGYSPREADID FLECTORPLATES
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the source) is about 1 microsecond. Assuming an
energy spread of about 1 keV, the corresponding
time spread is X nsec. Thus pulses, having a
duration of At after the aperture will have a
longer duration at the target of At + 1 nsec.
It can be shown^^ that the minimum burst dura¬
tion available at the aperture is
t _ V£2 Ayscreen A.&At0 (29)min y
o
Thus increasing the pre-acceleration energy
will reduce the burst duration, as will putting
the aperture closer to the deflector plates. How¬
ever making these changes requires a large increase
in the deflection voltage. Reducing the aperture
diameter will also reduce the burst duration with¬
out any necessary increase in the r.f. voltage.
A y,,.,,... is usually determined by the size re-o cr6Gu
quired to pass the d.c. beam.
When an r.f. sinusoidal field is applied to
the deflector plates, whenever the r.f. voltage
reaches zero potential a burst of ions passes
through the aperture. Thus the burst repetition
rate is twice the field frequency. Successive
bursts will give two different images on the target.
This is due to an upsweep field, first negative and
then positive, which produces the first burst and
-30
a downsweep field, first positive and then
negative, which produces the second burst. It is
sometimes advisable to eliminate one of these
pulses, There are two ways of doing this. One
involves another pair of deflector plates fed by
an r.f. field, synchronized with the main field,
Karmonic
but of an, ^ J , frequency. These are inserted
between the first plates and the aperture and are
rotated through 90° about the axis related to the
main deflector plates. In this way the ions will
have an elliptical track and only successive
pulses will pass through the aperture.
The second method involves two extra pairs
of deflection plates, supplied with a d.c, voltage
with the polarity shown in Pig, 16. The two suc¬
cessive bursts are deflected in one direction so
that only one of than v/ill pass through the
aperture, while the other will hit the refractor
plates. This system has the advantage that the
beam is deflected back towards the axis.
The entire pulsing system developed for our
accelerator is shown in Pig. 17, The deflector
plates are made of steel, 5 era. long and 8 ram.
apart. 1 cm. below are the steel refractor plates,
each 2 cm. long and 8 mm. apart. Both deflector
and refractor plates are supported by quartz
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FiQ. 17. THE PULSE SYSTEM.
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the aluminium aperture, maintained at zero poten¬
tial, and supported by the second quartz insulator.
The diameter of the aperture is U mm., which was
found to be the optimum size for passing the d.c.
beam. The two quartz insulators and the deflection
plate assembly are fixed in a steel cylinder which
ensures good alignment.
Assume that a deuteron beam of 20 keV, with
a diameter of 1 mm., enters the deflection system.
8
The beam velocity is VQ ^ 1.5 . 10 cm./sec.
An r.f. field of 5 keV peak voltage with a fre¬
quency of i+MHz would, according to equation ( 2k)
produce a pulse duration of
At.
2*20 .10 . 0.8
. O.U + 0.1
2-X.U.106 . ::.5.103 5(5 + 2.8)
3.10
The r.f. oscillator is a UMHz oscillator with
a peak voltage adjustable between zero and 15 kV.
As the r.f. field is increased the burst duration
is reduced until it reaches the limit due to the
energy spread as explained above. Increasing the
r.f. field beyond the limit will only reduce the
peak ion current.
It can be shown that the bias voltage required








where U = voltage between plates,
•6 = length of each of the refractor
plates.
Thus, U ft? 3 kv.
The refractor power supply is adjustable from
zero to +5kv. The plates indicated with negative
polarity in Fig. 16 are at ground potential.
3.5. The electronic Equipment
The block diagram of the experimental system
is shown in Fig. 18.
The UO MHz oscillator, the probe and the
focussing power supplies are fed by a 220v supply
through an isolating transformer. The transformer
secondary has a centre tap connected to the pre-
acceleration voltage. As mentioned before?this
is a 1:1 transformer designed by Ferranti, with a
maximum insulation of 30 kV, and an output power
of no more than 1 kwatt at a temperature of 50 °C.
The I4O MHz oscillator is the same type as
used in the main H.T. set, designed by Philips
(Fig. 19).
The probe and the focussing power supplies
are both +5 kV supplies with an output current
of about 10 mA. The two power supplies (Fig. 20)






















maximum 5000 volts output voltage and is fed from
a variac which enables the output voltage to be
adjusted from zero to 5 &V. It is preferable to
use selenium rectifiers in the terminal rather
than silicon ones, because of the danger of break¬
downs due to high voltage surges in the terminal.
The pre-acceleration power supply is a +20kV
supply with a 10 mA output current. The high
voltage is achieved by a quadrupler circuit
(Fig. 21). Asstiming a load current of 5mA at
15 kV output voltage, the ripple is
ur " T^S (31)
where I = load current,
f = main frequency,
c = capacitance.
U 25 200 V, v/hich is I.J % of the d.c. voltage.
The output is adjusted by changing the primary
voltage by means of a variac.
The R.F. oscillator for the deflector plates
is shown in Fig. 22. It is a push-pull oscillator
with two TY2-125 valves capable of giving an out¬
put power of about 300 watts and a peak voltage of
20 kV on the secondary of the step up r.f. trans¬
former. The tank coil is supported by a quartz
plate in order to reduce dielectric losses. The
frequency of this oscillator is about UMHZ and can
be adjusted by altering the length of the coaxial
-33a—
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cables leading from the oscillator to the deflec¬
tor plates since they act as parallel capacitors.
The refractor power supply (Pig, 23) is a
simple half-wave rectifier 5 kV supply, capable of
giving an output current of up to 10 mA.
The focussing Einzel lens and the pulsed
section are located in one aluminium cylinder (Pig,
21+) surrounded by an evacuated ceramic cylinder.
All the voltage connections are on the top flange,
as can be seen from Pig. 21+. As most of the
voltages are between 5 and 20 kV, and some are of
high frequency, special insulators have been
designed. These are all P.T.P.E. insulators
(Pig. 25) with high dielectric constant, low high
frequency losses, and low vapour pressure, impor¬
tant for the maintaining of high vacuum. The
insulators showed excellent performance with volt¬
ages up to 30 kV. Pig. 26 is a photograph showing
the top flange and insulators.
3.6. Results with the Experimental System
Results were obtained in two stages. The
first was to check the quality of the beam at
different distances from the Einzel lens. The
diameter was measured by examining the discoloured
area pr oduced' by the beam,an a steel target below
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and then inserted to check for any aberration of
focussing due to this section. At best, the beam
diameter was found to be less than 1 mm. The
diameter changed little with distance from the
lens or with the energy of the beam. The second
stage consisted of putting the deflection section
inside the system and obtaining a pulsed beam. The
pre-acceleration energy was about 15 keV in order
to work with the same condition as would hold in
the main set. The pulse duration was measured by
means of a Tektronix sampling oscillograph. The
target was found to pick up signals from both the
ion source and deflection oscillators so that it
had to be surrounded by a special screen (Pig. 6)
with only the one ground, connected from the
oscillograph.In order to minimize the parasitic
capacitance at the target, it was isolated fr»m
the bottom flange by a quartz tube, 5 cm. long.
2
Assuming a target area of 5 cm the parasitic
capacitance is about 1 pF. The sampling oscillo¬
graph has an input impedance of 50 ohms giving a
time constant of the order of 5*10~'1"1 sec.
An r.f. field was applied to the deflector
plates after adjusting the focussing voltage to
obtain a maximum d.c. beam on the target. The
burst duration could be adjusted from about 160
nsec. to a minimum of about 3 nsec. Any further
-36-
change of the r.f. field reduced the peak current
in the pulse without changing its duration.
Because of the low sensitivity of the sampling
unit (0.2 njVcm with a load of 50 ohms), it was
not possible to measure the dependence of "burst
duration on the peak current.
-37-
U. PULSING OF THE MAIN SET
U.l. General
The experimental system produced a d.c. or a
pulsed "beam with a well focussed image about where
the aperture is located. This beam is to be fed in¬
to the accelerator. The experimental system, with¬
out any modification, was located at the top of the
accelerator column, although the first accelerator
electrode was replaced by a shorter one, of 55 cm.
length. The d.c. or pulsed beam could only be
focussed on the target, If. meters below the ion
source, by means of a second focussing after the
aperture. This focussing is done in the gap be¬
tween the aperture and the first acceleration
electrode.
If..2. The Focussing of The Beam
The final arrangement at the terminal of the
pulsed generator is shown in Pig. 27* The beam
leaving the aperture enters the gap between the
edge of the aluminium cylinder and the first
accelerating electrode. The focussing effect
between two coaxial cylinders has already been
explained in part 3* The focussing is independent
of the distance between the two cylinders, but
depends on the internal diameters. If the two
cylinders have the same diameter the beam particles
c/m.
T
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are first focussed and then defocussed when
approaching the second cylinder. As the particles
gain energy while moving towards the second
cylinder, the defocussing effect is only a second¬
ary one. The effect could "be minimized by reduc¬
ing the diameter of the second cylinder. In the
present case the use of a smaller diameter was
found to "be of great advantage. The diameter of
the first cylinder is 7 cm., and the diameter of
the first acceleration electrode about b cm.
Assuming a total accelerating voltage of 500 keV
and a pre-acceleration energy of about 20 keV, it
can be seen from Pig. 10 that the image is about
h0 cm. from the edge of the aluminium cylinder.
The pre-acceleration voltage is adjusted to the
value which will give a focussed beam within the
gap between first and second acceleration electrodes.
This gap produces a final focussing of the beam on
the target. As the voltage ratio on these two
electrodes is constant (211) (Pig. 3)» the image
formed on the target will not be affected by
changing the overall accelerating voltage.
-39-
U.3* Results
The methods described in connection with the
experimental system were used to examine the beam
from the main set. The diameter of the beam on
the target was found to be about 2 mm. Because of
the high energy of the beam particles the diameter
was measured by observing the glow produced by the
beam on a quartz target. Deuterons were accelerat¬
ed during these tests. The deuterium for the ion
source was contained in a small metal cylinder and
passed through a nickel leak for purification.
The accelerated beam is composed of several
components in addition to the deuterons. These are
mainly hydrogen and deuterium ions, as shown in
i. Pig. 28. In order to obtain only one of
these components on the target, the beam was
deflected 30° by a magnetic field. The burst
duration was measured by a sampling oscillograph
connected to an isolated target, located beyond
the analyzing magnet. With a new canal in the
ion source and after careful adjustment of the
different focussing voltages, the burst duration
obtained was of about 3 nsec., with a peak current
of a few hundred microamperes. The acceleration
voltage was about 500 keV. For these measure¬
ments the refractor bias was maintained at 3 kV in
order to obtain only one of the two successive
pulses on the target.
The same electronic equipment was used as with
-39a-
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the experimental system. Control of the units on
the high voltage terminal was performed by means o
string drives and slow speed motors remotely con¬
trolled.
-m-
5. ZERO TIMING SYSTEM
5*1* General
In a time-of-flight experiment it is necessary
to obtain a time zero signal at the time of
arrival of an ion "burst at the target. Several
methods for producing the timing pulse are des¬
cribed below.
It has been shown that each time the r.f.
field across the deflector plates reaches its
zero potential,a burst of ions passes through the
aperture. After a certain time, depending on the
acceleration voltage, this burst will reach the
target. It is possible to pick up the oscillator
signals, amplify them, and produce a zero-time
signal corresponding to the time at which the r.f.
field passes through zero. The time taken by the
ions to travel through the accelerator is about
1 microsecond. The energy stability of the
accelerator is no better than 1% , so that the
uncertainty in time will be of the order of 5 nsec.
In order to obtain a resolving time of a few nano¬
seconds the jitter in the zero timing pulse should
not exceed 1 nsec., so that a system of this
type is not practicable.
Another method for obtaining a zero timing
pulse consists of connecting the target to ground
-1+2-
through a small impedance, z, so that whenever a
"burst of ions reaches the target, a voltage pulse
U will appear across the impedance z.
0Z = V 2 (32)
I = hurst peak current.
As the zero timing signal is on the target
itself, it is difficult to measure the mean current
during the experiment. This system could not he
used when a time pulse is desired before the heam
reaches the target, as is necessary when a hunch¬
ing magnet is introduced.
A more practicable method is based on passing
the particle heam through a hollow metal cylinder,
located at the point where the time measurement is
required. The heam induces a charge on the cylind¬
er resulting in a fast voltage pulse being produced.
This, after amplification, could he used as a zero
time pulse. The main disadvantage of this system
lies in the dependence of the output pulse on the
hurst peak current, so that a time jitter could he
produced whenever the accelerated heam current is
changed. This last system was used in our case.
-U3-
5.2. Description of The System
If the length of the cylinder is equal to,or
larger than the length of the "burst of "beam, a
quantity of charge equal to the "burst charge will
"be induced on the cylinder.
The hurst charge is given "by
a « Ip At0 (33)
where AtQ = duration of hurst.
The length of the hurst is given hy
L = 0.0U2Ato l/lT [cm] (3U)
where E = acceleration voltage in keV.
M = particle mass in a.m.u-.
At0 = pulse duration inreec.
Assuming a deuteron heam accelerated to an
energy of 700 keV and a hurst duration of 3 nsec.
the corresponding length will he
L s 0.02+2.3 j™°/2 ^ 2.5 cm.
A hrass cylinder 5 cm. long was chosen in order to
obtain maximum pulse amplitude under most operating
conditions. The pulse amplitude will he!
Vz == § (35)
where c is the parasitic capacitance of the
cylinder plus the input capacitance to the amplifier
following the pick-up. This neglects the real




R± C > At0 (36)
In order to minimize c, the cylinder was
isolated from both the analyzing magnet and the
target "by quartz tubes. The mechanical arrange¬
ment is shown in Pig. 29 • Assuming a peak current
of 30 pA with a duration of 3 nsec., the charge
-13
induced on the cylinder is of the order of 10
coulomb.
The rise time of the pulse is equal to the
burst duration which is 3 nsec. Assuming a
capacitance c, of 10 pP,the pulse amplitude will
be U = 10 mV.
The pre-amplifier connected to the system
should have the following properties.
(a) A rise time of a few nsec.
(b) A noise level low enough to eliminate any
uncertainties in time measurement.
(c) A low input capacitance, so as to obtain
maximum amplitude from the induced charge.
(d) A low output impedance to feed a wide
band amplifier.
A cascade transistorized pre-amplifier was
found to be best suited to the above requirements.
The pre-amplifier(^5) (Pig. 30) consists of two low
noise, high frequency, Texas Instruments
GM0290 transistors in a cascade connection,and one
fast transistor (Texas Instruments 2N11W.) as an
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Ci = Si + % (1 * gmRL> ^7)
where » emitter-base diffusion capacity
of Q^.
C = deflection-layer capacity of the
collector base junction of Q^.
s* = £ ~ of Qi*e e
when aQ is the low frequency,
common base current gain, r. is
the intrinsic emitter resistance,
rg » 26 ohm per 1 mA emitter
current. RL = load impedance of
Ql •
In a cascade connection, is equal to
the input impedance, R^, of Qg. For a common
base connection this impedance is
Ri;j " re + rbb>(1 " a) (38)
where is base-spreading resistance of Qg.
In our case is about 50 ohm and a = 0.99»
therefore rQ 1*^,(1 - a). Because of a very
low input impedance to Qg, R^g ^ rg, the input
capacitance to is equal to:
°i = Ve + Z\ 5 pP (39)
Assuming a parasitic capacitance to the pick-up
cylinder, including a stray wiring capacitance of
about 5 pF, the total capacity, C, on the cylinder
is C ^ 10 pF. To minimize the stray wiring
-in¬
capacity, the "base of the first transistor is
soldered to the cylinder. The input resistance to
is :
Rin ~ rbb' +
where 3 is the current gain of the common
emitter stage with a shorted load circuit
P - r*a
In the case described 3 » 100, r_ ^ 13JT ,6
thus
Rin - 1350 S1
The input time constant, is of the order
of 13 nsec. and therefore the amplitude of the in¬
put pulse will "be determined "by the input capaci¬
tance (according to (35))•
The voltage gain of the first two transistors
is
3Rt
A = Lg (1+2)
rbb' + rb<1
where R^ = the load of Qg
rb <1 * re^ + 1> •
For a 1 k_fl load resistor, A 60.




where C is the output capacitance of O2
-U7-
plus input capacitance of Q^, equal to about 3pP.
Thus f ^ 50 MH , or a rise time of about
z
6 nsec. An inductance was put in series with Rj^
in order to improve the frequency response. The
last stage is an emitter follower with a high
input impedance,
Rin a rbb* + P(re + Re) (W
(where R0 » the emitter resistor),
a low output impedance,
R~ + rbb»
T + re
g fRo = .ft-- ■>. mi + r
(where R^ = output impedance of Qg)
and a voltage amplification of almost 1.
The frequency response of the emitter follower
is good enough not to affect the total frequency
response. The overall amplifier has a voltage
amplification of 50 with a rise time of about
5 nsec. The input noise is between 15 to 30
microvolts.
The output of the pre-amplifier is fed into
two wideband amplifiers connected in series, with
a total amplification of 100 and a rise time of
3nsec.
Assuming a mean pulse with a duration of
3nsec. and a peak current I , the zero timing
pulse after the wideband amplifier will have the
amplitude of
-U8-
Urt = 50.100, -P A (U5)
The overloading amplitude from the amplifier
is 10V so that the amplifier will "be generally
overloaded, giving a 10V output with a rise time
of 3 nsec.
In order to obtain a resolving time, T , the
rise time of the pulse triggering the time-to-
amplitude converter, following the system,should
not change by more than Tr, over the range of
beam current to be employed. The minimum trigger¬
ing level needed for the time to amplitude con¬
verter (T.T.A.C.) being used in conjunction with
the system, is about IV. Thus the minimum beam
current for which the time error is less than Tr,
will be
T \ 1 Am.C . tr (u(-\
where Am = pulse amplitude required to trigger
the T.T.A.C.
t = Rise time of the pre-amplifier and
amplifier.
A = amplification of pre-amplifier and
amplifier.
C = input capacitance to pre-amplifier.
AtQ = burst duration.
T^ = allowed error in resolving time.
When allowing a time error of 10~10 sec. the
minimum current in our case is about 30 microampere.
The output noise is about 100 mV which is 10
times smaller than the required triggering pulse.
-ks-
6. APPLICATION
6.1. The Electronic Units. Circuits. Assembly.
After the quality of the pulsed "beam had "been
determined "by electronic means it was necessary to
study the properties of the Pulsed Accelerator in
a number of physical experiments. To that aim a
time-of-flight spectrometer was developed. The
"block diagram of the electronic set-up is given
in Pig. 31.
The essential problem in fast neutron time-of-
flight experiments,is to measure the time taken by
a neutron to travel a fixed distance from the
accelerator target to the neutron detector. In
our case, using the pulsed beam, this is the time
interval between the instant a burst of beam
strikes the target and the instant a resulting
neutron reaches the detector. The detector is a
fast neutron liquid scintillator (NE 213), attach¬
ed to a fast photomultiplier (56AVP). As the
liquid scintillator is also sensitive to r-rays,
the input to the time-to-amplitude converter will
contain an unwanted background of r-ray pulses.
Two inputs are fed into the time-to-amplitude
converter, one from the photomultiplier, the other
from the zero timing channel which was discussed





















too high, a pulse shape discriminator system may "be
added. The output from the time-to-amplitude
converter is fed into a standard slow gate, con¬
trolled "by the pulses from the pulse shape dis¬
criminator system, so that the spectrum displayed
on the multichannel pulse height analyzer is due
only to the detection of neutrons. When the
Y-ray background is sufficiently low the pulse
discriminator may he omitted.
6.2. The Time-To-Amolitude Converter
In any ordinary time-to-amplitude converter
the amplitude of the output pulse is proportional
to the time interval between the two input pulses
independent of their order of arrival. Thus many
of the output pulses will actually he due to
negative time measurements. If only one of the
two inputs would trigger the converter while the
would
second/reset it, only time intervals with the
required sign will he measured. As each of the
neutron pulses is associated with a zero timing
pulse, the photomultiplier pulse is used to trigger
the time-to-amplitude converter, and the zero
timing pulse, after being delayed, is used to reset
it. In this way only positive time intervals are
measured and many unwanted output pulses, due to
zero timing pulses which have no associated neutron
-51-
pulses, are ignored.
The time-to-amplitude converter (Pig. 32) is
"based on a 6BN.6 sharp cut-off pentodeThe
input to the GBN6 is a square pulse, fed onto the
first grid, with very fast rise and fall times and
a constant amplitude of +3V. The width of the
pulse is equal to the time interval "between the
arrival of the two inputs to the converter. There¬
fore, a constant current will flow through the
anode, charging the anode capacitance, during this
interval, giving an output voltage pulse propor¬
tional in amplitude to the measured time.
The square pulse is formed "by means of a very
fast "bistable tunnel diode multivibrator. The
tunnel diode, Q^, is a 5mA diode with the charac¬
teristics shown in Pig. 33• The tunnel diode in
parallel with a 330 ohm resistor is connected as the
collector load of an NPN 2S131 fast transistor,
Q^. The collector d.c. current is about 3mA,
adjustable by means of a variable IKilresistor in
its base. As the voltage drop across the tunnel
diode in its first stable state (A in Pig. 33) is
about 25mV, most of the collector current will
flow through the tunnel diode according to the load
line AC. If a minimum current of -2mA is injected
into the tunnel diode cathode the operating point
will switch from A to C, according to line "a"
in Pig. 33• The voltage on the collector will
























minimum positive current of L5 mA is needed to
switch the tunnel diode back to its original
position (along line "b")* This can be achieved
by a negative voltage pulse applied to the base
of Q,. The corresponding collector current will
be
i0 » 6lAe
where ie = the collector current.
e, = the amplitude of the input voltage
signal.
Re = the a.c. emitter resistor, h70il
in our case.
It can be seen from line "b" that most of the
change in the collector current will affect the
tunnel diode. Thus the change in collector cur¬
rent required to trigger the tunnel diode back to
its original position is less than 2 mA. As the
d.c. collector current is about 3 mA, the tran¬
sistor will not reach its cut-off position and no
extra delay will "be introduced. The transistor
is in the common emitter configuration with cur¬
rent feedback in the emitter and a low load on the
collector, so the voltage amplification is less
than 1. Under these conditions the transistor is
a current amplifier and has a very good frequency
response when driven by a voltage source
-53
fo * x (1+9)
2xRTCL O
where
f-, = input circuit upper limit fre¬
quency response.
f = output circuit upper limit fre¬
quency response.
— emitter "base capacity.
» 0.027.p ollm#rb'e * xe
Ie is the emitter d.c. current in mA.
0 is the low frequency common "base
current gain.
R ss generator impedance
s
^bb* = "Dase spreading resistor
ss emitter resistor
e
R^ = collector load resistor.
CQ ss collector capacitance + parasitic
capacitance at the collector
junction.
As one of the two inputs to the converter is
connected to the collector and the other to the
"base of the same transistor, they are well isolated.
The tunnel diode is switched from one operating
point to the other, and hack to the first, only hy
two negative inputs, of which the first is a cur¬
rent pulse fed to the cathode of the tunnel diode,
and the second, a resetting pulse, is a voltage
pulse applied to the base of the transistor. The
output is a negative pulse, taken from the common
junction of the collector and tunnel diode, with
an amplitude of about 0.1+ V and a duration equal to
-5k-
the time interval "between the two inputs. The
rise and fall times of this pulse are about 2 nsec,
depending on the shape of the input impulses.
As the input required for the 6BN6 tube is a
positive pulse with an amplitude of 3V , the output
from the tunnel diode is amplified by a E180F tube
(Q5) •
The rise time at the anode of the 6180F is
tr = 2.2 RC (50)
where R m anode load resistance (390XL in our
case).
C = anode capacitance, about 10 pF.
With an r.f. choke at the anode of the E180F
tube, the square pulse driving the 6BN6 will have
rise and fall times of about U nsec. The output
pulse from the time-to-amplitude converter is a
negative pulse with a slow fall time of about 10
jasec, determined by the anode load of the 6BN6,
the input impedance of the amplifier following it,
and the anode capacitance. The amplitude corres¬
ponding to a time of 100 nsec. is about O.l+V. The
multichannel pulse height analyzer (Laben-Mod. A51
CiseO requires a positive input pulse which is
obtained from a three stage linear amplifier
(Q7» Q8 and Q9) amplification of about 10.
The photomultiplier pulses require to be
shaped to make them suitable for triggering the
converter at the function of the tunnel diode
-55'
and the transistor Q3. As has already "been shown,
this point should "be driven "by a current pulse
with a minimum peak of 2 mA and a minimum duration
which can "be calculated from the characteristics
of the tunnel diodet
°(u* * ua)
t
_ ta , (51)
r p
C being the total capacitance across the tunnel
diode.
The output from the photomultiplier is taken
from the 13th dynode, with a rise time of about
2 nsec. and an amplitude of a few volts across a
100ji load. For best resolution it is advisable
to use a pulse shaper of the zero time crossing
type^S* As the burst duration obtainable
from the accelerator in the case described is no
better than a few nsec, it was decided to use a
pulse shaper of a simpler type. The pulse shaper
consists of two transistors, Q1 and Q2 (Fig. 32).
The first is a fast NFN transistor type 2N706 con¬
nected in the common base configuration. The in¬
put impedance to this stage,
Ein = r e + r w,. (1 - *> (52)
is of the order of a few ohms. Therefore a
variable 100 ohm resistor is connected in series
with the emitter to match the 100 ohm coaxial
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cable leading from the photomultiplier to the
shaper input. The output of this stage is a 100
ohm shorted line giving output pulses whose
duration is. 2nsec. The emitter d.c. current is
about 10 mA. As the input to this stage is a
positive pulse, the transistors will reach the
cut-off position when the input is larger than
0.5V, giving a positive output pulse with an
amplitude of about 0.5V. This pulse is applied to
the base of a PNP fast transistor, type 2N112+1.
The emitter current of this transistor is about
10 mA,of which, 3mA passes through the fast diode
D1 (Pig. 32). When a positive pulse of more than
h50 mV is applied to the base of Q2 the diode D1
will enter the cut-off region and a negative cur¬
rent of 3mA will flow through the diode D2, trig¬
gering the tunnel diode. D2 prevents the reset¬
ting of the tunnel diode by positive pulses at the
output of the shaper, and so prevents the produc¬
tion of spurious pulses in the converter. The re¬
setting pulse, coming from the zero timing system,
after a delay of 100 nsec., is shaped by a shorted
line, to a duration of 3 nsec., and is fed to the
base of the transistor Q1 (Pig. 32) through a fast
diode Dh. This diode eliminates from the zero
timing system positive pulses that would trigger
the time-to-amplitude converter, allowing only
negative resetting pulses to pass.
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The power supply for the time-to-amplitude
converter and the zero timing pre-amplifier is
shown in Pig. 3U.
The performance of the time-to-amplitude
converter was tested by means of the electronic
set-up shown in Pig. 35* The linearity was found
to be better than 1% up to times of about 120
nsec. (Pig. 36). For a larger linear range the
anode capacitance of the 6BN6 tube (Pig. 32),
should be increased, too large an increase will
reduce the amplitude of the output pulse from the
6BN6 tube to such a low value that extra amplifica¬
tion will be needed. The width at half-maximum
of the spectrum of pulses from the time-to-
amplitude converter was less than 1 nsec. A
similar test was performed by means of a mercury
relay pulse generator, and the resolving time was
found to be better than 0.2 nsec. By disconnect¬
ing one of the inputs, it was shown that there is
no appreciable intercoupling between the two
inputs. This is due to the fact that there is









































6.3* The Pulse Shane Discriminator
A type 56AVP photomultiplier was used in the
spectrometer. The photomultiplier circuit used to
provide the pulse shape discrimination is shown in
Fig. 37. The pulse shape discrimination^20' 21 ^ is
"based on a saturation effect between the anode and
last dynode of the photomultiplier, resulting in a
pulse whose shape depends on whether neutrons or
Y-rays were detected^ (Fig. 38). After amplifies-
tion by a linear amplifier with a long differen¬
tiation time constant (1500 psec. in our case)
and an integration time constant of 0.2 psec, most
of the y-ray pulses are eliminated by pulse height
discrimination. The remaining pulses, due to the
detection of neutrons, control a slow coincidence
gate which receives its input pulses from the time-
to-amplitude converter (Fig. 31). The spectrum
obtained on the multichannel analyzer, following
the gate, is thus due solely to neutron pulses.
The diode 0A10 in the photomultiplier circuit,
cuts the negative part of the pulses at the last
dynode, eliminating the possibility of overloading
the linear amplifier following the photomultiplier.
The output from the lhth dynode is a fast pulse
with a rise time of about 2 nsec. and is used for
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Fig. 3 5. DYNODE PULSE SHAPE
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6.U. Measuring of Burst Duration By Means of a
Y-ray Spectrum.
The burst duration of a pulsed beam is best
measured by measuring the width at half-maximum
of a r-ray time-of-flight spectrum from a target
bombarded by the pulsed beam. If the resolving
time of the spectrometer is shorter than the burst
duration, this duration is equal to the half maxi¬
mum width of the y-ray spectrum.
The target in our case was a thick aluminium
disc. A 500 keV proton beam with a peak current
of a few hundred microamps. was used to bombard it.
The results obtained are shown in Pig. 39* In-
order to draw an accurate time scale, two identical,
spectra, separated by 6.5 nsec., by passing the
zero timing pulses along a delay line, were dis¬
played on the multichannel analyzer (Pig. 39)*
The burst duration was found to be of the order
of 3 nsec.
6.5. The Neutron Time-of-Flight Spectrum of
The D(d.n)He^ Reaction.
The D(d,n)He^ reaction was the first to be
examined, because of its high yield and the
existence of only one neutron group. The target




heavy water on a "brass plate and evaporating the
residual water. A 600 keV deuteron "beam with a
peak current of a few hundred microamps was
employed. The detector was maintained at an angle
:m. f]
.(22)
of 90° to the beam and at a distance of 25 c rom
the target. The neutron energy in this case
is 2.55 Mev. It could easily "be shown that the
corresponding time-of-flight is 12.5 nsec. The
results obtained from this experiment are shown in
Pig. 1+0. The smaller peak, in the spectrum, is
due to r-rays from carbon and other impurities on
the target. The larger peak is the neutron peak
separated from the Y-peak by 12.5 nsec. The burst
duration of the deuterium beam, determined from
this spectrum is of the order of 3 nsec.
Assuming a maximum deuteron energy spread of
600 keV, because of the thick target, the neutron
(22)
energy spreadx ' will be of the order of 0.15
Mev or a time spread at the detector ofI
At * %^*T % nsec. (53)
where At = the time spread.
T ® neutron time of flight from target
to detector.
E = neutron energy
AE ~ neutron energy spread.
This is much less than the burst duration and
therefore the use of a target of finite thickness
will not introduce an appreciable error in the





6.6. The Keutron Time-of-Flight, Spectrum from
Bl0(d« n)C".
The B"^(d, n)C" reaction has already "been
investigated "by many workers and therefore it was
decided to examine this reaction as a test of the
pulsed accelerator.
C" has excited statesat 2.00, h.32 and
h.81 Mev. These,and the ground state,should be
reached by the B"^°(d, n)C" reaction when the
deuteron energy is 600 keV. A B10 target was
used which was bombarded for 3 hours, by a 600 keV
1
deuteron pulsed beam with a peak current of a few
hundred microamps. The detector was at a distance
of 2 meters from the target and at an angle of 0°
to the beam. D. Vass^2^ calculated the neutron
energies and flight times for the different excited
states at different angles and deuteron energies.
The neutron energies for ground, first, second and
third excited states are; 6.86, h.95* 2.72 and
2.2h Mev. respectively. The corresponding flight
times for a distance of 2 meters are! 55*20,
6h»96, 87*62 and 96.h8 nsec.
Results obtained from this experiment are
shown in Fig. hi. Because of a high r-background
the pulse shape discriminator was used. To reduce
the background of scattered neutrons coming from
the walls, a paraffin wax shield was put around the
 
-62-
detector. The spectrum obtained consists of
5 peaks. The first two correspond to the ground
state and the first excited level. Some of the
deuterons bombarding the target will be absorbed
and the D(d, n)HeJ reaction will produce an
additional peak. The time-of-flight for these
neutrons, under the conditions described,is 78.9
nsec. Thus the third peak in the spectrum is due
to the D(d, n)He^ reaction. The other two peaks
shown in Pig. hi are from the formation of the
second and third excited levels of C". These
results agree with results obtained, tinder similar
conditions, by C,H. Paris and P.M. Endtv Jli #ho
detected the neutrons by the recoil protons obser¬
ved in nuclear emulsions.
6.7. The Neutron Time-of-Flight Spectrum from
B^(d. n)B^° Reaction
Many experiments have been performed in order
to study the energy levels of Boron 10. In spite of
this there are some uncertainties about the exist¬
ence of some levels. The well known levels
accessible to the Bg(d, njB"3"0 reaction with 600
keV deuterons, are at 0.72, 1.7h> 2.15 and 3*58
(21)
Mev. In addition, an energy level at about
2.88 Mev was reported by varioiis people. All the
evidence in favour of this level comes from the
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B^(d, n)B^° reaction. Dyer and Bird^2^ reported
on the existence of a level at 2.85 Mev, after
studying with nuclear emulsions the neutron
emitted in this reaction. By the same method
Genin^2^ reported on the existence of a level
at 2.95 Mev. The deuteron energies were of 600
keV in the Dyer's experiment and of 700 keVOfti600keV
in Genin's experiments. Reid^2^ reported on a
level at 2.88 Mev after using a recoil proton
telescope to obtain the neutron spectrum produced
(29^
hy a 750 keV deuteron beam. Shpetnyiv ^' studied
the reaction with nuclear emulsion and found no
evidence for the existence of an energy level
around the 2.85 Mev. He performed his experiments
with deuteron energies of 0.5# 1.0 and 1.6 Mev.
Galloway and Sillitto^0^ by studying the y cascades
found it possible that a 2.86 Mev level exists.
G. Bradfordstudied the y-rays from Bg(d,n)B^°
and came to the same conclusion with a difference
in the probability of exciting the proposed level.
Coombe and Walker used a cloud chamber to examine
the neutrons from the Bg(d,n)B^G reaction at a
deuteron energy of 80 keV. They found evidence
to support the existence of a level at 2.9 Mev.
They indicated that this level may be composed of
two levels with energies of 2.7 and 3*1 Mev. The
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most direct evidence for this level would he to
obtain a neutron spectrum from the Bg(d,n)B*°
reaction. Evidence for this level from neutron
spectra was inaccurate because of poor statistics.
It was decided to study the reaction by a time-of-
flight technique in two different ways. The first
is by a time-of-flight experiment based on a d.c.
deuteron beam and the second, by performing the
time-of-flight experiment with a pulsed beam.
D. Vass^2^ after studying the neutron time-of-
flight spectrum from the B|(d,n)B'L0 reaction, using
a d.c. beam, found no evidence for the existence of
any neutron group other than those corresponding
to the four known levels of B^"° at 0.72, 1.7U,
2.15 aud 3#58 Mev. Results obtained by means of
the pulsed accelerator are shown in Pigs. 1+2 and
1+3• The target was a thick beryllium metal disc,
bombarded by a pulsed deuteron beam with an energy
of 600 keV and a peak current of a few hundred
microamperes. The detector was at a distance of
2 meters from the target and an angle of 0°. The
neutron energies corresponding to the ground state
and the other four excited levels are^2^! 1+.83,
1+.15, 3.17, 2.77 and 1.37 Mev, and the correspond¬
ing times-of-flight for a distance of 2 meters areJ
65.Ih, 70.91+, 81.18, 86.80 and 123.30 nsec. In


















the pulse shape discriminator was used and the
detector was surrounded "by a paraffin wax shield
to protect against neutrons scattered from the
walls. The necessary time of measurement to
obtain the spectrum with good statistics was 30
minutes. The first small peak in this spectrum
(Fig. 1+2) is due to the r-rays which were not
entirely eliminated by the pulse shape discriminator
and therefore appear near the time zero in rela¬
tion to other peaks. The neutron group correspond¬
ing to the D(d,n)He^ reaction should be very near
to the group associated with the second excited
state of Because of that,and because of the
very high yield from the B|(d,n)Bi0 reaction
this group could not be noticed on the plotted
spectrum. The peak to background ratio is large
enough to show that there is no energy level at
2.86 Mev in B"*"0. The corresponding time-of-flight
for neutrons feeding this level would be 100.10
nsec., for the above conditions. As could be seen
from Fig. 1+2, the resolving time of the system was
not sufficient to obtain good separation between
different peaks corresponding to the different
energy levels. In order to obtain a better
separation the detector was moved to a distance of
3 meters from the target. Because of the high
repetition rate of the ion bursts, a time-of-flight
spectrum no wider than 180 nsec. can be examined,
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and therefore the plotted spectrum (Pig. h3)
consists of only the first four neutron groups.
Any increase in distance "between detector and
target will cause the last peaks to appear in an
erroneous position, thus limiting the distance
"between detector and target that can usefully "be
employed. The pulse duration was measured from
the width at half maximum of the y peak (Pig. U3)
and was found to "be of the order of 3*5 nsec.
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7. Conclusion
The "Philips 1.2 Mev Cascade Generator",
after the reconstruction of most of the electronic
equipment in the terminal and the addition of the
pulsed section, is able to produce either a d.c.
or a pulsed beam. Prior to these alterations,
particles could be accelerated to a maximum energy
of 1 Mev with maximum current of 500 |oA on the
target. The beam diameter was of about 10 mm.
Because of the new design of the focussing system,
the accelerator is now able to produce the same
d.c. current with a diameter of about 3 ram. In a
pulsed operation it is possible to obtain bursts
with duration of about 3 to 150 nsec, a peak cur¬
rent of about 500 pA, and a repetition rate of
l+MH • This has been proved by electronic measure-z
ments and various physical experiments. The long
term stabilization factor of the accelerator's
high voltage is about 5 % , and as the time required
for the particles to travel from the zero timing
pick-up to the target, is of the order of 20 nsec.,
another time spread, of the order of 1 nsec,
results. It seems, that even if a bunching magnet
is added (see part 8) the minimum burst duration
v/ill not be reduced to less than 2 nsec, though
the peak current will be increased by a factor of
10. On the other hand increasing the source r.f•
—68
oscillator power, will increase the current by a
factor of 2 or 3«
The time-of-flight spectrometer of the pulsed
accelerator has a resolving time of better than
3 nsec., and this could be reduced to less than 1
nsec. by changing the pulse shaper used with the
56AVP photomultiplier.
The burst repetition rate is of the order of
IjMH • In low yield nuclear reaction experiments
z
when the time-of-flight is shorter than the
repetition period, a higher yield may be obtained
simply by increasing the frequency of the deflec-
tor oscillator up to a maximum value of 15 MH_.
Reducing the frequency of the same oscillator will
decrease the repetition rate, although it would
then be necessary to increase the amplitude of the
peak r.f. voltage in order to get.the same burst
duration. The amplitude is limited by the insula¬
tors used, so this method is impracticable. Another
way or reducing the repetition rate is by means of
deflector plates inserted before the target and
supplied with a synchronized r.f. voltage of
appropriate frequency. The disadvantage here,
lies in the fact that the unused bursts will in-
crease the Y-ray background and add a neutron group
from the I)( d,n)He reaction.
As far as most experiments are concerned,
the repetition rate is adequate but as explain¬
ed above, it could be altered for specific
-69-




The use of a bunching magnet to produce a
pulsed beam was proposed by R.C. Mobley^^. The
principle involves the sweeping of the ion beam
across the face of a magnet (Fig. *40 in such a
way that the first particle leaving the deflector
takes the longest path through the magnet and the
last particle the shortest. Thus, all particles
will arrive at a certain image point as a short
pulse.
The time interval over which particles can
be accepted for bunching is!
- L,
2 tc = (5U)
v
where 2tc - time of acceptance.
and Lg are the shortest and longest
path lengths.
v - velocity of particles.
It can be shownthat
L2 ~ L1 • (55)
where £ * magnetic flux enclosed between 1^
and Lg
H = magnetic field
R ss radius of curvature of the path in
the magnetic field.










where A = area of pole face.
The magnetic flux Is given by
t « (L2 - Lx) § mv (57)
where q « charge on a particle
mv as momentum of a particle
c as velocity of light.
For best results the deflection angle 9 of
the magnet should be between 60 and 90°.
The following is a calculation for a 90°
bunching magnet (Fig. h5)» for the "Philips 1,2
Mev Electrostatic Accelerator". The calculation
is based on the one given by R.E, Holland
The main equations are summarized below,
y^ =3 2/ cot 1+5° cos e (58)
The distance from magnet to target, t2 » is equal
to the distance between the deflector plates and
magnet
t2 = 2R (59)
The maximum input deflection
v
po x (6°)
The maximum input deflection accepted is
t v
K '-TB2 (61)c 4R
The pulse width ta is equal to •
ta = (62)
where K is the bunching ratio.
Aa-
F i ^. 45. THE BUNCHING MAGNET
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Assuming a deuteron beam of 600 keV deflected
by a bunching magnet, radius R of 30 cm. with an
acceptance time of 2tc = 10 nsec., and a r.f.
deflection frequency of 8 MHZ, the other para¬
meters according to the last equations would have
the following values!
'2 ss 60 cm.
Po s 0.11+5 rad.
"ka - 0.8 nsec.
B ss 6100 gauss
A ss 261 cm.^
0Hc
ss 0.036 rad.
The maximum deflection of the accepted beam would
be
D = <2gc = 2.16 cm. (53)
The minimum magnet width should be twice the beam
deflection, for safety.
b = 7 cm.
The maximum deflection of the beam would be
y 38 *2*£o = 8,7 cnu
Assuming deflector plates of 15 cm. long, 1 cm.
apart, the peak r.f. voltage required on the plates
according to (12), will be of 20 kV when the fre¬
quency is 8MHZ«
The bunching magnet can change an accepted
a
d.c. beam into/pulsed one. The main disadvantage
is that the rest of the beam will hit the magnet
-73
and produce a large "background. In order to
prevent an unnecessary background the bunching
magnet should accept a pulsed beam with a burst
duration of 10 nsec., which was the time of
acceptance in the above calculation. That could
be achieved if the r.f. voltage supplied to the
deflector plates is synchronized with the time of
arrival of the pulses. A pick-up (Pig. U6)
located after the resolving magnet produces a
voltage pulse whenever the pulsed beam passes
through.The output is amplified and fed into a
harmonic oscillator. This generator output should
be a 8 MHZ sin r.f. voltage with an adjustable
amplitude up to a maximum of 25 kV. A variable
delay in front of the harmonic oscillator will
adjust the r.f. phase so that the r.f. voltage
will reach its zero potential whenever the pulsed
beam is passing. Before reaching the target the
beam is passed through a second pick-up to give
the zero-timing pulse for the experiment. The two
pick-ups and the appropriate amplifiers could be
of the same type as the one described in part 5.
A few factors limit the minimum burst
duration.
1. Energy spread.















the velocity of deuterons is vq 8.10 cm./sec.
Assuming a velocity spread, within the "burst, of
vQ (about 0.1% in our case) the corresponding
spread in time will be:
At = (65)
Av0
where L = path length of particle between the
resolving magnet and the target. In the case
described At ~ 0.1+ nsec. The velocity spread
is due mainly to the energy spread caused by the
deflector plates before the bunching magnet, and
to a lesser extent by the deflector plates in the
terminal.
2. Beam diameter.
Because of the finite beam diameter, the two
(33)
extreme rays will have a difference in path length
AL = e.d (66)
where & = deflection of median ray
(|| in our case),
d = diameter of the beam.
Thus, there will be a time spread of
At = ^ (67)
vo
For the same conditions of beam as described
above and assuming a beam diameter of h mm., the
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time spread will be At ^0.8 nsec.
It is possible to pass the beam through a
focussing lens and so to reduce the diameter of
the beam. However in our case the target room is
too small for this possibility to be practicable.
3. Beam divergence.
Because the beam is not parallel,a spread in
time of arrival results. This spread limits the
maximum bunching factor K. Assuming a beam
divergence of 0.005 rad, according to R.E.
( ^3)
Holland ', the maximum K is of the order of
K » 9-10 for the above condition.
If a bunching magnet were added to the
"Philips High Voltage Generator" it can be
estimated from the above that the bursts produced
would have a minimum duration of between 1 and 1.5
•
nsec., with a bunching factor of about 9. The
bursts supplied by the accelerator should have a
duration of about 10 nsec. The peak current after
bunching would be about 9 times the peak current
of the bursts arriving frcm the accelerator.
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